The Visible and Infrared Scanner on the Tropical Rainfall Measuring Mission (TRMMIVIRS) is a whiskbroom imaging radiometer with two reflected solar bands and three emissive infrared bands. All five detectors are on a single cooled focal plane. This configuration necessitated the use of a paddlewheel scan mirror to avoid the effects of focal plane rotation that arise when using a scan mirror that is inclined to its axis of rotation. System radiometric requirements led to the need for protected silver as the mirror surface. Unfortunately, the SiOx coatings currently used to protect silver from oxidation introduce a change in reflectance with angle of incidence (AOl). This AOl dependence results in a modulation of system level response with scan angle. Measurement of system response vs. scan angle (RVS) was not difficult for the VIRS reflected solar bands, but attaining the required accuracy for the JR bands in the laboratory was not possible without a large vacuum chamber and a considerable amount of custom designed testing apparatus. Therefore, the decision was made to conduct the measurement on-orbit. On three separate occasions, the TRMM spacecraft was rotated about its pitch axis and, after the nadir view passed over the Earth's limb, the VIRS performed several thousand scans while viewing deep space. The resulting data has been analyzed and the RVS curves generated for the three JR bands are being used in the VIRS radiometric calibration algorithm. This, to our knowledge, the first time this measurement has been made on-orbit. Similar measurements are planned for the EOS-AM and EOS-PM MODIS sensors and are being considered for several systems under development. The VIRS on-orbit results will be compared to VIRS and MODIS system level laboratory measurements, MODIS scan mirror witness sample measurements and modeled data.
INTRODUCTION
The Visible and Infrared Scanner (VIRS) is one of the three rainfall measuring sensors on the Tropical Rainfall Measuring Mission (TRMM). It was launched into a non-sun-synchronous, 35 degree inclined orbit on November 28, 1997 and has been returning radiometric images in five spectral bands with a nadir spatial resolution of 2.0 kilometers since. VIRS has been described 2 and the radiometric calibration algorithms3 and on-orbit calibration results4 have also been discussed. This paper will deal with the on-orbit measurement of the change in VIRS response in the three thermal The VIRS scan mechanism consists of an ellipsoidal, double-sided mirror with its scan axis parallel to the orbit vector. Due to the broad spectral range of VIRS (0.6-12.03 tim), the mirror surfaces were coated with protected (SiO) silver. Due to the scanning approach and the swath, the angle of incidence (AOl) of the Earth view radiance on the scan mirror varies from 22.5° to 67.5°. Early on in the design phase, it was discovered that the VIRS scan mirror reflectance changes with AOl. The reflectance at the wavelengths of the first two bands (0.62 and 1.61tm) changes less than 2% across the swath and is amenable to measurement in the laboratory. A system level measurement of the three emitted thermal bands (3.78, 10.83 and 12.03 .tm) is difficult. The measurement was made by placing the sensor on a rotating table with the mirror rotation axis vertical, placing calibration targets within the horizontal Earth view sector of the sensor and taking measurements at several sensor scan angles, thereby attaining data across the Earth view swath. This approach worked well for the first two bands since they can operate at room temperature. However, the last three bands require cryogenic cooling for their HgCdTe detectors. A bench cooler was used, but the temperature stability was such that the data was unacceptable.
Santa Barbara Remote Sensing (SBRS), the VIRS contractor, developed the Moderate Resolution Imaging Spectroradiometer (MODIS) concurrently with VIRS. The MODIS and VIRS scan mechanisms are quite similar. Both use a double-sided scan mirror with protected silver surfaces. The MODIS team' s system level response vs. scan angle (RVS) measurements were less noisy than those taken previously for VIRS. Since MODIS has emissive infrared bands nearly identical in wavelength to those of VIRS and since the mirrors for both were coated in the same manner with the same materials, it was decided to use the MODIS RVS values to calibrate the VIRS data during testing and immediately after launch. This decision was made based on the suggestion by J. Young of SBRS that it should be possible to measure the VIRS RVS on-orbit.
APPROACH
On-orbit measurement of RVS is based on being able to point the sensor over the Earth' s horizon in such a manner that the entire 90° swath views space. At that point, the entrance aperture radiance across the "Earth view" is zero and the sensor system is only measuring its own self-emittance. During the short period of a single scan of VIRS, the observed change in the sensor's signal is due to the change in the scan mirror's emittance with angle of incidence (AOl). This can be shown as follows:
The net radiance L measured by a VIRS thermal band is LLv-Lsv (1) where LEV is the Earth view radiance and L5 is the space view radiance and LEV PLE ELSM + LBKG (2) p = scan mirror reflectance at scan angle 0 LE top of the atmosphere Earth radiance LSM radiance emitted by the scan mirror (c=(1-p)) at scan angle 0 LBKG background (fixed optics) radiance In a like manner;
Lsv pL5 + CLSM + LBKG
Since the radiance from space (Ls) is zero and, during the maneuver, the radiance at the Earth aperture (LE) is also zero, then the radiance LM measured during the space maneuver is
where 0 is the space view angle (scan mirror AOI= 22.5°) and 02 is the Earth view angle (scan mirror AOl =22.5 -67.5°).
If the scan mirror temperature is known, L5M can be calculated using Planck's Law. Secondly if the reflectance of the scan mirror is known at any angle in the AOl range of 22.5 -67.5°, then the reflectance (and emission) can be determined at any scan angle using the output from VIRS during the space maneuver. Once p(O) is known, RVS corrections can be applied to the VIRS data. This has been done3.
The temperature of the scan mirror is known via the telemetry readout of the scan mirror motor/encoder. This is felt to be a reasonably good representation of the scan mirror temperature. There was some concern that as the mirror may cool rapidly as it views cold space. The maximum cooling observed for 500 scans was 0.5K.
The reflectance of the scan mirror at an AOl of 22.5° (VIRS pixel 1) was normalized to measured values from the MODIS program. Measurements5 of multiple test coupons from two MODIS scan mirrors performed at the National Physical
Laboratory (NPL) in Great Britain demonstrated differences in reflectance at an AOl of 22.5° of 0.1-0.2 percent.
DATA
The TRMM spacecraft has performed inertial fixed maneuvers on two occasions, the first in January 1998 and the second in September 1998. Fixing the spacecraft in inertial space for an orbit results in a 360° rotation about the pitch axis as observed in the Earth-centered coordinate system. The first set of maneuvers consisted of six orbits alternating between an inertial-hold and an Earth-locked (nadir down) orbit on January 6 and repeated on January 7. The second set consisted of a single inertialhold orbit on September 2.
Once the spacecraft nadir passes over the Earth' s horizon, the sensor records over two thousand scans of space. Then the space view, which is inclined 45°from the zenith of the orbit plane, begins to view the Earth, and shortly later, the Earthshield/door of the passive radiative cooler no longer blocks the thermal energy emanating from the Earth's surface. The cooler rapidly warms to the point that it can no longer hold the VIRS thermal detectors at their operational temperature. This is shown in Figure 1 , a plot of the VIRS Band 4 response vs. relative scan number. The cooler requires several hours to cool back to its operational temperature. Therefore, only the first of a series of inertia fixed orbits is useful. Thus there are three RVS data sets, 0107, 0108 and 0902 from the inertia fixed orbits of January 7, January 8 and September 2 respectively. The large number of usable scan lines in each data set is important because the SNR from a single scan is quite low, necessitating the averaging of multiple scans. 
ANALYSIS
Preliminary models using Equation 4 and pre-launch noise measurements, indicated the need for signal averaging using multiple space scans. Initial results of scan averaging are illustrated in Figure 2 . Shown are plots of band integrated, net (Earth view minus space view) radiance vs. scan mirror AOl for Bands 3 (Fig.2a) and 4 (Fig.2b) centered at 3.78 and 10.83 tim. The curves represent an average of 400 scans across the 261 pixels of the VIRS 90° swath. Note that there is a decrease in radiance of over two orders of magnitude in going from Band 4 to Band 3. Also note the negative radiance values of Band 3. Since the radiance plotted is the difference in the Earth view and the space view (see Equation 1), and since both are viewing space, the negative values indicate the space view is larger, probably due to an extraneous thermal source in the space view. This effect is probably also in Bands 4 and 5,but is negligible. The very low radiances observed from Band 3 result in corresponding low SNRs. Averaging is a possibility for increasing the SNRs since for white noise, the average should decrease linearly as N"2 where N is the number of scans. If the noise has a Scan averaging has resulted in essentially noise-free RVS curves for Bands 4 and 5 and has made the Band 3 data significantly better. There is, however, a question as to the precision or repeatability of the measurements of the RVS curves. In order to test the precision of the measurement, three different groups of 500 scan lines were averaged for each of the three data sets (0107, 0108 and 0902) and for each of the three bands being examined. Thus, there are nine RVS measurements for each band. The root-mean-square-error (RMSE) was calculated for each band using the data from January (6 measurements) and the data from September (3 measurements). The first set of 6 measurements produced reflectance factor RMSEs of 4.9x1O, 1.2x103 and 1.9x103 for Bands 3, 4 and 5 (3.78, 10.83 and 12.03 tim) respectively. The corresponding values for 210 coherent (i.e. constant) component, it will not average out and will become dominant as the average of the incoherent (white) component approaches zero. Therefore, at a limiting N, the noise and SNR will approach a constant value and averaging over additional scan lines will not enhance the SNR. In an attempt to determine when this occurs with the VIRS space scan data, signals (in digital counts) from Bands 3, 4 and 5 were averaged over a range of 50 to 900 scans. The SNRs of Bands 3, 4 and 5 forthree 50-pixel ranges centered at pixels 26, 131 and 236 are plotted against N"2 in Figure 3 (a, b and c). For Band 3, the SNRs are quite low and values below 300 scans are so noisy as to be unusable. For values above 600 scans the SNRs increase so slowly with N that there is little to be gained by averaging additional scans. The SNRs for Bands 4 and 5 increase linearly with N"2 until N=400-600 scans and then begins to roll off with onset occurring first at the lower radiance values.
(a) the 3 measurements from September are 3.4x104, 4.3x1O and 8.6x104. The two sets are comparable since the first are from 6 measurements taken over two days and the latter are from 3 measurements from a single maneuver.
Several witness samples from the MODIS scan mirror coating process were sent to the National Physical Laboratory (NPL) where their reflectance was measured as a function of wavelength and angle of incidence using both s and p polarized sources. Figure 4 shows the s, p and average reflectance vs. wavelength for an AOl of 65.5°. Polarization factors as high as 0.2 are evident at wavelengths greater than 8.Oim. This is an extreme case; values of 0.01-0.02 are typical for an AOl of 26.7° at these same wavelengths. If there is any additional polarization in the optics aft of the scan mirror, it will act as an analyzer on the polarized signal coming from the scan mirror, thereby resulting in a variable output from a radiometrically flat, unpolarized scene. The VIRS aft optics consists of two telescope mirrors, two cooler windows, a spectral filter and a field lens for each band. The AOIs on each of these elements are relatively small and, therefore, VIRS aft optics polarization is believed to be negligible. Consequently, a simple multiplicative RVS correction is adequate. The final RVS curves (data set 0902) for the three VIRS IR bands are plotted in Figure 5 (a, b and c)with data from two witness samples of the MODIS Flight Model-i (FMi) scan mirror. The NPL data was taken at 6 AOIs ranging from 10-65.5°a nd a curve was fit to the twelve points. The VIRS data was shifted in reflectance to coincide with the NPL data at the 22.5°A Ol (VIRS pixel 1). The shifts were 0.002, 0.001, and 0.003 for the three bands (3.78, 10.83 and 12.03 .tm respectively). The average difference in reflectance between the MODISINPL data and the VIRS on-orbit maneuver data (after shifting) is 0.0019, 0.0014 and 0.0033 for the three bands. A second set of NPL measurements from the MODIS Protoflight Model (PFM) scan mirror samples showed similar differences for the first and last bands. For the band at 1O.83im, a shift of 0.002 and average difference of 0.007 was observed. Therefore, all three data sets agree within a few tenths of a percent. These represent three different scan mirrors coated at different times and measured using two entirely different methods. The agreement is surprisingly good. 
